Here, we present a thermal load model of a Nd:YVO 4 laser under dual-wavelength pumping. Pumping the gain medium with both traditional and in-band pump light in adjustable proportion, the design takes full advantage of high efficiency and low heat of the two pump schemes, and the thermal load can be controlled actively, thus being capable of achieving optimal laser performance allowed under certain restrictions. The range of optimal proportion under different restrictions is discussed. Experimental results of a Nd:YVO 4 laser under 808-nm and 880-nm dual-wavelength pumping validated the theoretical analysis.
Introduction
Thermal effects such as thermal fracturing, thermal lens, and depolarization are main obstacles that keep solid-state-lasers from achieving high output power with good beam quality efficiently, and therefore, thermal management has long been the key factor in the optimization of laser output parameters [1] , [2] . Laser resonators are designed to compensate the thermal effects and many techniques, such as disk or slab gain mediums, diamond heatspreaders and microchannel heat sinks, are commonly used for enhancing the laser performance through more efficient cooling [3] - [7] . Since the end of 1990s, in-band pumping scheme, also known as direct pumping, in which the ions are excited from ground state directly to upper-laser-level instead of via the traditional 4-level scheme, thus reducing the thermal load induced by quantum effect and pumping quantum efficiency, have received renewed and increasing attention. For the most widely used Nd 3+ -doped laser materials, the 4 F 3/2 → 4 I 9/2 in-band pumping around 880 nm could dramatically decrease fractional thermal load compared to 808-nm traditional pumping [8] - [10] . Diminishing the thermal load from the source, in-band pumping is considered one of the most fundamental and promising methods to mitigate the thermal effects and has been used widely [3] , [11] - [14] . In recent years, this technique has been extended to the high Stark level of ground states, e.g., 914-nm pumping for Nd:YVO 4 and 938/946-nm pumping for Nd:YAG [15] - [17] . Extremely low heat generation and high slope efficiency have been experimentally demonstrated. However, the optical efficiencies of in-band pumped lasers are often limited by the relatively low pump absorption of a normal laser crystal. To improve pump absorption, we need to increase the doping concentration, length or even temperature of the crystal, all of which are detrimental to high power (efficiency) and bring inconvenience to application [18] , [19] . On the other hand, once cavity elements and parameters of the laser are determined, thermal effect within the laser gain mediums becomes the only factor that affects the output beam parameters. Therefore, most solid-state-lasers could be optimized just for a certain output power and beam parameters like mode size and beam quality may vary seriously when changing its output power by adjusting the pump level, as the thermal condition changes. Different output powers with constant beam parameters have to be obtained by operating the laser at a higher power and attenuating the output, which is obviously inefficient and uneconomical.
Considering the problems above, we herein propose a dual-wavelength pumping scheme, in which the laser medium is simultaneously pumped with both low-heat in-band and high-efficiency traditional pump light. The model of dual-wavelength pumping is theoretically analyzed and the optimal proportion of the two pumping wavelengths is discussed according to the restriction of the output power and heat generation. The practical example of a Nd:YVO 4 laser end-pumped at 808 and 880 nm dual wavelengths is considered to illustrate the utility of the present mode. By changing the fraction of 880 nm pump relative to the 808 nm pump while keeping the total amount of pump constant, thermal load could become relatively constant over a much larger range than could be achieved by pumping only at one pump wavelength. Thus, one can adjust the laser output power with beam parameters remaining almost constant, or achieving the maximum optical efficiency allowed under the thermal restriction.
Theory Analysis
In our model, two pump lights are combined to end-pump the crystal with the same spot size and independent of each other. The pump power absorbed by laser crystal Pabs is converted into laser, fluorescence and heat. According to the comprehensive model presented by Brown [20] , [21] , once the reflectivities of mirrors and passive loss of cavity are determined, the total laser channel power P L (i.e. total stimulate-emission power) including laser output Pout, leakage from HR mirror and the passive power loss could be obtained. Using the known intracavity power intensity and saturation intensity of laser medium, the fluorescence and concentration-quenching fractions could be calculated. Then, we can obtain the total heat generation, consisting of quantum defect heat PhQD, concentration-quenching heat PhQ, fluorescence heat PhF, stimulated-emission heat PhL, and heat results from non-unity quantum efficiency.
Since the overall pump quantum efficiency η Q of Nd:YVO 4 can be considered to be 1 [10] , [18] , which means each absorbed pump photon, regardless it being 808.5-or 878.6-nm, could excite a Nd 3+ to the upper-laser-level 4 F 3/2 and thus has the same contribution to the laser gain, we can take the average pump energy E p into the calculation of laser efficiency for simplification.
where P i n is the incident pump power and x is the power proportion of the 808.5-nm light in it. a i and E p i are absorption fraction and energy of the pump, respectively. Subscripts 1 and 2 in them represent 808.5-nm (12368.6 cm −1 ) and 878.6-nm (11381.7 cm −1 ) pump light, respectively. Taking the parameters into Brown's model (see [19, Tab . I]), the relationship between heat generation and laser output power is plotted in Fig. 1 . The 0.5-at.%-doped, 3 × 3 × 4 mm 3 , a-cut Nd:YVO 4 crystal used in experiment corresponds to measured values of a 1 = 0.877 and a 2 = 0.537 at 20°C (with lasing). The reflectivities of output coupler and highly reflective (HR) mirror are 70% and 99.5%, respectively. The passive loss Li is 1.2% measured by Findlay-Clay method [22] . Dashed segment O 1 A represents the situation of 878.6-nm pumping (x = 0) and O 2 B is 808.5-nm pumping (x = 1). When fixing the pump power at 20 W and changing the 808-nm power proportion x from 0 to 1, the relationship moves from point A to point B, approximately along the segment AB, which is expressed as
The intermediate region represents the output performance that could be achieved under dualwavelength pumping. Presumably, the dual-wavelength pumped Nd:YVO 4 laser is required to meet following requirements: 1) The maximum incident pump power could not exceed P i n which is limited by power consumption; 2) the maximum heat generation allowed is H (vertical blue line in Fig. 1) ; and 3) the minimum output power required is P (horizontal blue line in Fig. 1) . Then, the triangular region formed by the lines P out = P, P H = H, and AB is the region that meets all the requirements. As shown in Fig. 1 , the solvable condition is: H ≥ f −1 (P out ) and P i n ≤ P B . Through the relationship between P out and P H , we can get the optimal range of x under different restrictions, as shown in Table I . It is clear that some requirements could be satisfied only under dual-wavelength pumping. As long as requirements on output power and heat are given, the optimal range of x can be determined. The intersection point of P H = H and AB (O 1 A) is the maximum output efficiency (power) that could be achieved under the thermal restriction of P H ≤ H. Similarly, while the intersection point of P out = P and O 1 AB represents the minimum thermal load (or beam quality) for the power requirement. 
Experimental Set-Up
An end-pumped Nd:YVO 4 laser under dual-wavelength pumping is carried out to verify the analysis above. Experimental setup is shown schematically in Fig. 2 . The pump sources are two fibercoupled laser diode arrays with the same fiber (core diameter of 400 μm, NA = 0.22) emitting at 808 and 880 nm, respectively, with ∼2 nm linewidths. The pump beams were focused by two orthogonally placed 1:1 couplers, and combined by a mirror M1, which was 45°coated for HR at 808 nm on one side and anti-reflective (AR) at 880 nm on both sides. The 0.5-at.%-doped, 3 × 3 × 4 mm 3 , a-cut Nd:YVO 4 crystal coated for AR at 808/880/1064 nm on both faces is wrapped in indium foil and clamped in an aluminum holder cooled by refrigerant water at 20°C. Its absorption fraction for incident un-polarized LD pump centered at 808.5 and 878.6 nm with ∼2-nm linewidth are measured to be 53.7% and 87.7% as mentioned above. Both the HR mirror M2 and T = 30% output coupler M3, which consist the 40-mm laser cavity, are plano. The power is measured by powermeter Molectron EPM1000.
Results and Discussions
1064-nm laser output power as functions of incident and absorbed pump, with different value of 808-nm proportion x, is shown in Fig. 3 . While the 808.5-nm pumping proportion x is 0, 8.31 W laser output is obtained under the maximum pump power of 20 W, and the slope efficiency is 44.1%. When x rises to 1, the laser power increases to 10.85 W under the fixed incident pump and the slope efficiency is 56.5%. For the absorbed pump, the slope efficiency decreased from 82.1% to 64.2% when the 808.5-nm proportion increased from 0 to 1. The heat under dual-wavelength pumping is then calculated using the measured laser output power and cavity parameters through the relationships in [18] , which are plotted in Fig. 4 . The experimental results generally agree with the theoretical values except the deviation under the relatively high pump power of 20 W with large 808-nm pumping proportion x, which may result from serious thermal effect like thermally induced diffraction loss not considered in the model. It can be seen that for this device, the change on x results in significant variation on heat generation but it has relatively small impact on output power. Using this figure, we could understand the application of dual-wavelength pumping more clearly. Taking point O (P i n = 15 W and x = 1) as an example, the output power and heat are 8.56 and 3.2 W, respectively. When simply increasing the 808.5-nm pump power to 20 W (point B 1 ), the output power would rise to 10.85 W (127%) but the heat increases dramatically to 4.26 W (133%). If the maximum heat generation allowed is only 3.2 W, we could run the device at point C (P i n = 20 W and x = 0.52), the heat would stay the same and the output power can rise to 10.1 W (118%). As to the point A 1 (P i n = 20 W and x = 0.15), the output power is the same with that of O but the heat is only 2.3 W (72%), which represents the best beam quality could be achieved with the required output power.
Then, we try to change the laser output power while holding the beam quality by adjusting the dual-wavelength incident pump power and 808-nm proportion x. The beam quality factor M 2 is measured using knife-edge method after being focused by a 70-mm lens. As shown in Fig. 5 , when pumped only at 808 nm, the beam quality decays monotonically with the increase of output power. For the dual-wavelength pumping scheme, the output power could be adjusted from 5.2 to 8.3 W with the M 2 factor kept at ∼2.6, or be adjusted in the range of 3.72-6.44 W with M 2 factor of ∼1.4, by changing the total incident pump power and x. The M 2 factors with the same heat generation still exhibit slight variations because the different absorption coefficients at the two pump wavelengths could result indifferent temperature gradients in the crystal, and thus influence the beam quality factor. Anyway, the thermal management via dual-wavelength pumping is effective.
It is worth pointing out that the 808/880-nm dual-wavelength pumped Nd:YVO 4 laser here is just a typical example of such pump scheme. It also can be extended to other pump wavelengths and laser gain mediums, as long as the pump absorption and thermal fraction are different at two pump wavelengths. If the difference in the absorption and the thermal fraction between the two pump wavelengths further increases, e.g., using shorter, lower-doped crystal or involving high Stark level pumping like 808/914-nm dual-wavelength pumping, the slope of the output-heat relationship would be larger. Thus, the output power could be adjusted in a larger range while keeping the thermal load, or beam parameters, unchanged. If the difference is smaller, the opposite is true, which means we can hold the laser output power and manipulate the beam parameters. 
Conclusion
In conclusion, we have proposed a dual-wavelength pumping scheme which is expected to be an effective method for active thermal management of solid-state lasers. Based on different pump absorptions and thermal fractions at the two pump wavelengths, optimal output under different restrictions can be achieved by adjusting the proportion of pump light. The scope of its application is discussed, and the experimental demonstration is carried out by end-pumping a Nd:YVO 4 laser with 808/880-nm laser diodes. The experimental results show that the thermal management by dual-wavelength pumping is feasible.
